We have applied the time-resolved grazing incidence X-ray absorption fine structure technique to study in-situ the atomic short range order and the electronic structure of reactively sputter deposited thin films. Results obtained during the reactive deposition of amorphous Ta-pentoxide thin films deposited in oxygen containing atmospheres will be presented. A new calculation scheme for a detailed reflection mode EXAFS data analysis giving bond distances, coordination numbers and Debye-Waller factors is presented. The atomic short range structure of the amorphous Ta 2 O 5 thin films is compared to that of crystalline β-Ta 2 O 5 .
Introduction:
Thin film preparation by sputtering comprises the bombardment of a target with accelerated ions, the relief of target material into the gas phase and its deposition on an eventually heated or cooled substrate. Compound materials such as oxides or nitrides may be deposited if a reactive species such as oxygen or nitrogen is present in the gas atmosphere. The volume and surface microstructure of reactively sputtered thin films is known to depend strongly on all the details of the deposition process such as e.g. the substrate material and its temperature, the gas pressure and the deposition rate [1 -6] . In parallel to the observed structural changes, many other physico-chemical properties such as the transition temperature for superconducting films [7] , the hardness [8] , magnetic [5] or optical properties [9] may vary as a function of the deposition conditions. Thus in-situ techniques are highly desirable for the study and the understanding of the growth phenomena during reactive sputtering. In contrast to electron-based techniques which generally require ultrahigh vacuum conditions, photon based techniques such as X-ray diffraction and X-ray absorption spectroscopy are compatible to the process conditions during sputtering, i.e. a rather high vacuum pressure of typically some Pa and the presence of ions and electrons in the sputter plasma.
In this study, time resolved grazing incidence X-ray absorption spectroscopy was used to study the growth of tantalum pentoxide thin films by reactive magnetron sputtering in Ar-O 2 -mixtures. Ta-oxide has many physical properties that are attractive for materials science, especially for applications in microelectronic devices. For example, metal-oxidesemiconductor devices with extremely low leakage currents and high breakdown strengths can be realized using thin insulating Ta 2 O 5 films instead of using oxidized silicon [10, 11] . In addition, Ta 2 O 5 has a high refractive index [12] , a large band-gap E g ≈4.2 eV and is almost absorption free in the wavelength range from 300 nm to 2.0 µm [13] , allowing e.g. its use as antireflective coating for eyeglasses, solar cells and charge-coupled devices [14] . Furthermore, Ta 2 O 5 can be useful as corrosion resistant protective coating [15] , as piezoelectric material [16] and in thin film sensors [14] .
Many investigations have been performed in the past to analyze the structure of the Ta 2 O 5 thin films as a function of the preparation conditions since it is reasonable that the their physicochemical properties are strongly dependent on the microstructure of the film from a length scale of the crystallographic unit cell (i.e. some Å) to the order of the film thickness. We have therefore conducted the first in-situ experiments during the reactive sputter deposition of Taoxide on float glass substrates. Especially the initial stages of growth were analysed.
Experimental details:
Ta-oxide thin films were deposited on smooth float glass substrates (5-6 Å surface roughness [17] ) in pure O 2 and Ar/O 2 atmospheres (p≈1.2 Pa) using a Ta metal target and a magnetron source of 55 mm diameter with a power of up to 30 W. The reactive sputter deposition took place in a small vacuum chamber that was optimized for in situ investigations of sputtered thin films with X-rays [18] . While the top flange of this chamber accommodates the magnetron sputter source with the Ta-target, the base of the chamber has flanges for the sputter gas inlet, a connection to a turbo-molecular pump and electrical feedthroughs e.g. for the measurement of the substrate temperature. Two large area Kapton foils served as windows for the incoming and the reflected X-ray beam. The base pressure of the vacuum vessel was well below 10 -4 Pa. More details of the cell are given elsewhere [18] .
Ex-situ X-ray photoelectron spectroscopy (XPS) was performed after the removal of the films from the sputter chamber and a transfer to a surface analytical system. The experiments gave a Ta/O ratio of about (0.39±0.01)/1 independent from the gas composition during the sputter deposition. This indicates that stoichiometric Ta 2 O 5 was formed. These XPS-investigations also prove the presence of a minor surface contamination with carbon species. Additional Xray diffraction experiments showed that the prepared Ta 2 O 5 thin films are generally X-ray amorphous.
The X-ray absorption experiments were performed at the bending magnet station RÖMO II [19] at the DORIS III storage ring at HASYLAB (Hamburg, Germany) operating with about 100-150 for scans consisting of an energy range of about 500 -600 eV with ca. 800-1000 data points was obtained by using the quick-scanning EXAFS mode, in which the monochromator is moved continuously from smaller to higher photon energies and the spectrum is measured on the fly [19] . A Ta metal foil was measured in transmission between the second and a third ionization chamber in order to calibrate the energy scale of the monochromator simultaneously with each sample spectrum. Reference spectra were obtained in transmission mode from a Ta metal foil and crystalline β-Ta 2 O 5 powders. In the present study, fluorescence detection -which is in principle possible using the sputter cell (see [18] ) -was not considered, but will be applied in forthcoming investigations under suitable circumstances. Due to the relatively low photon flux of the bending magnet beamline used in the current study, the limited solid angle usable by a fluorescence detector and the small data collection per data point (which is on the hand necessary for our time resolved studies) the fluorescence signal is not sufficient for a meaningful EXAFS data analysis [21] .
Results and discussion:
Raw reflection mode EXAFS data measured in-situ during the reactive deposition of Ta ensures a high sensitivity of the experiment to the growing thin film. With an incidence angle smaller than φ c of the substrate, the reflectivity would be high even for the uncoated glass, resulting in only small changes of the reflectivity when the Ta-oxide film is deposited. On the other hand, if the grazing angle is larger than φ c of Ta 2 O 5 , the reflectivity remains small during the oxide layer deposition. Thus the choice of the incidence angle is a critical issue for the success of the experiment. As can be seen in Fig. 1 , the reflectivity significantly increases in the course of the Ta-oxide layer deposition, and the increase of the edge step can easily be associated with the increasing film thickness.
From Fig. 2 it can be deduced that the experimental data quality is high enough to resolve the weak EXAFS oscillations belonging to the amorphous samples even for films of some few nm thickness only. Here, background subtracted data ∆R = R -R 0 are shown, where R 0 is a smooth background, and the data were transformed from the energy scale to the photoelectron wave number scale k and weighted with k 3 to stress the weak oscillations. According to the detailed analysis of specular reflectivity measurements (φ-2φ-scans) with fixed photon energy, the deposition rate is about 0.018 nm/s, i.e. the two shown spectra correspond to thicknesses of about 1.2 nm and 1.8 nm, respectively. It is worth mentioning that a pronounced fine structure can be measured even for these thin films consisting of some few monolayers only.
These fine structures were subsequently subjected to a Fourier-transform (FT) and typical results are presented in Fig. 3 . As can be seen, the intensities of characteristic features e.g. at ca. 1.5 Å and 3.0 Å radial distance increase as a function of the sputter time. This can be seen in more detail in the insert of Fig. 3 , where the intensity of the first peak -which belongs to the first Ta- O-coordination of the oxide film -is plotted as a function of the sputtering time. While standardized data processing routines are available for the evaluation of transmission mode EXAFS data (see e.g. [21] ), the situation is generally more complicated for reflection mode experiments because both the real (δ(E)) and the imaginary part (β(E)) of the complex refractive
contribute to the reflectivity. Thus, the reflectivity strongly depends on the grazing angle and the film thickness, and a simple normalization of the reflection mode EXAFS data is impossible (see e.g. [22] ) -this is the reason why we only considered ∆R(E) data and their Fourier-transforms.
Furthermore, the absorption coefficient µ
and its fine structure has to be extracted from reflectivity EXAFS data, which is possible only for thin films of sufficient thickness (see e.g. [22] [23] [24] [25] ). However, this is not feasible for thin films with a thickness smaller than the penetration depth of the X-rays. In this case, the X-ray reflectivity has to be modelled using the Fresnel-theory for layered systems. In the past, the calculations have used refractive indices n(E) (eq. (1)) which were extracted from experimental data of reference compounds (e.g. [26] ), implying that spectra of amorphous thin film samples cannot be modelled properly by such simple calculations. Thus, we calculated n(E) data on a pure ab-initio basis as follows below. This approach differs significantly from procedures reported in the literature (e.g. [22] ) because the absorption is not extracted from the reflectivity data, and the fit is performed using the reflectivity and not the absorption data.
Assuming that the short range order structure around the absorbing Ta-atom is characterized by the structural parameters of the first coordination shell R 1 , N 1 and σ 1 , denoting the interatomic distance, coordination number and Debye-Waller term, respectively, we determine the extended X-ray absorption fine structure χ(k) by an ab-initio calculation using FEFF [27] . After transformation to the energy scale (using E 0 =9881.2 eV), this χ(E)-spectrum was converted to ∆β(E) using eq. (2) and superimposed on a structureless, atomic background, the calculation of which was done by using values for δ 0 (E) and β 0 (E) in the Cromer-Liberman (CL) approximation [28] , i.e. β(E)=β 0 (E)+∆β(E). The CL-data were convoluted with a Lorentzian of tabulated linewidth (4.88 eV in our case, see [29] ) in order to account for core-hole lifetime effects as described in more detail in [30] . This calculated Xray absorption spectrum was subsequently Kramers-Kronig-transformed using the computer code described in [30] , giving finally the complex index of refraction associated with the thin film material. It has to be stressed here that the Kramers-Kronig transform is only necessary for the calculation of the refractive index of the thin film. Due to the fact that a difference Kramers-Kronig transform is applied which uses the CL-data for the atomic part of both δ 0 (E) and β 0 (E), the values obtained are expected to quite accurate. In a last step, reflection mode EXAFS spectra were calculated applying the Fresnel theory for the glancing angles φ defined by the experiment with a high precision of about ± 0.001° and making use of the so calculated index of refraction of the film and Cromer-Lieberman data for the glass substrates. Because of the smooth surfaces of the sputter deposited Ta 2 O 5 -films (roughness < 7 Å), the influence of the surfaces on the thin film reflectivity only has a small influence on the reflectivity EXAFS as we have shown in a previous study [31] . Thus it was neglected in the present study. distance of about 2.05 Å [33, 34] . However, the quality of our experimental data exhibits less noise than these studies. In addition, only a small k-range could be used for the data fitting in one of the mentioned studies [33] , and the coordination numbers derived in that paper (N 1 ≈6.1 -7.8) seem to be too large, while the value for the mean square displacement σ 1 is similar to those determined here. The interatomic distance determined in the second study [34] is close to that calculated from the spectra presented here, while the value for σ 1 ≈0.1 Å is identical. Thus we can conclude that the values determined here are well founded.
In general, the thin films reveal smaller bond distances compared to the bulk reference; this is a typical feature for amorphous samples (see e.g. [35, 36] ). In addition, a significantly reduced coordination number N 1 and a slightly reduced σ 1 were determined for the thin film samples.
This apparently reduced coordination number together with the smaller bond distance is a further indication for a highly disordered material and originates from the highly asymmetric pair distribution functions in amorphous solids: On the one hand, the repulsive part of the pair potential gives narrower distance distributions (i.e. smaller values for σ). On the other hand, EXAFS probes high values in momentum space and is therefore very sensitive to a broadening of the pair correlation functions [35, 36] . Due to the fact that all the films prepared in this study can be described by an identical set of parameters, it can be concluded that the atomic short range order of the growing Ta 2 O 5 thin films is not changing as a function of thickness. This is further supported by the fact that the growth rate, i.e. the slope of the determined thickness as a function of the deposition time is almost constant for the whole experiment -in agreement with the constant sputtering current during the deposition -and the determined value (1.73 ± 0.03)*10 -2 nm/s corresponds well to the data mentioned above. In addition, the reproducibility of room temperature experiments is excellent and agrees quantitatively with results obtained using independent other methods.
From a closer inspection of the FT-data presented in Fig. 3 it is, however, clear that the determined short range order structural parameters exhibit certain errors, as can be expected e.g. from the scatter in the radial distance of the nearest neighbour peak which amounts to about ± 0.02 Å. In a similar way, the deviation of the derived thickness values from the linear slope as a function of time also indicates that the nearest neighbour number is influenced:
Both the thickness as well as N 1 affect the amplitude of the nearest neighbour peak in the FT of the simulated data in a very similar way, and thus the film thickness for the simulation should be taken from an independent measurement using e.g. a quartz thickness monitor and N 1 should be varied until a good fit is obtained.
Conclusions:
Amorphous Ta 2 O 5 -thin films were prepared on float glass substrates by reactive magnetron sputtering in O 2 /Ar mixtures. The structure of the films was investigated in-situ using time resolved surface sensitive reflection mode X-ray absorption spectroscopy. The experimental data were modelled by using a new fit procedure which indicates that the atomic short range order structure of the films is independent from the film thickness. The nearest neighbour Ta Raw in-situ reflection mode (φ=0.223°) Ta L 3 -edge spectra of the amorphous Ta-oxide layers during reactive sputter deposition at room temperature. Each spectrum was measured in about 25 s using the Quick-scanning EXAFS technique. No data processing or reduction such as smoothing or averaging was applied to the experimental data points. 
